A dual single-molecule gene expression reporting system reveals two new stable 18 protein production states of the classic bistable  genetic switch in live E. coli cells, 19 suggesting new cell fate potentials.
strategy (CoTranslational Activation by Cleavage, (26, 27) ) to cleave cotranslationally the 82 Tsr-Venus-Ub or LacI-Venus-Ub reporter off from CI or Cro (Fig. 1B) . This strategy ensures 83 a 1:1 ratio in real-time between localized Venus reporter molecules and the fused CI or Cro 84 molecules (or any other fused protein molecules, (27)). Using two control strains expressing 85 only Tsr-Venus-Ub-CI (XF002) or LacI-Venus-Ub-CI (XF003), we verified that the cellular 86 localization and fluorescence intensity of targeted Venus spots faithfully reported both the 87 identity and expression level of CI ( Fig. 1C and D, fig. S1 , Movie S2 and S3). We named this 88 new, dual gene expression reporting system DuTrAC (Dual coTranslational Activation by 89 Cleavage). 90 To investigate the regulatory dynamics of CI and Cro in the  switch using DuTrAC, we 91 constructed strain XF204. We fused tsr-venus-ub to a temperature sensitive CI mutant (cI 857 92 (31)), and lacI-venus-ub to cro, replacing the native cI and cro genes in the genetic switch, 93 similar to what was previously described (fig. S1, Table S1) (27) . We then integrated this 94 circuit from O L to the end of the cro gene into the chromosome of E. coli MG1655 strain at the 95 lac operon locus ( Fig. 1B) . Hence, Tsr-Venus-Ub reports the expression of CI 857 , and 96 LacI-Venus-Ub reports the expression of Cro. We used the temperature sensitive mutant 97 CI 857 (A66T, (31)) in place of wild-type (WT) CI WT for the convenience of using temperature 98 to tune the fraction of active CI. CI 857 has normal DNA binding affinity and transcription 99 regulation activity at the permissive temperature 30  C (32). At higher temperatures, an 100 increasing fraction of CI 857 becomes inactivated due to misfolding and subsequent 101 degradation (32), and therefore Cro expression is switched on. We verified that the fusion of 102 6 DuTrAC reporters to CI and Cro did not change the switching behavior of the genetic switch 103 ( fig. S3A ). Furthermore, to examine the switching behavior across different protein 104 expression levels, we generated two additional strains XF214 and XF224 (fig. S1, Table S1), in 105 which the expression level of LacI-Venus-Ub-Cro was reduced in the order of [Cro] XF224 106 <[Cro] XF214 < [Cro] XF204 . Using Western blotting we confirmed that the expression levels and 107 switching behaviors of these strains were as expected ( fig. S3B ). Note that in the following 108 experiments for simplicity we referred CI 857 as CI.
109
To investigate the switching behavior of the modified  switch, we first quantified the 110 steady-state levels of CI and Cro in individual cells at different temperatures for strains 111 XF204, XF214 and XF224 (Fig. 2, fig. S4 , S5 and Table S2 ). We found that consistent with the 112 typical bistable behavior, at a low temperature (30 C) cells had few Cro but predominately 113 CI molecules (hereafter termed [L, H] for low-Cro and high-CI level, Fig. 2A , red curves); at 114 a high temperature (37  C) the switch was flipped and cells predominately existed in 115 high-Cro, low-CI level ([H, L], Fig. 2A , green curves). Interestingly, between the two extreme 116 temperatures, we observed that a large population of cells had both CI and Cro [H, H] in the 117 same cells at intermediate levels ( Fig. 2A , black curves, fig. S5 , Table S2 ). Reduced Cro levels 118 in strain XF214 and XF224 did not abolish the presence of [H, H] population of cells, but 119 shifted the temperature at which the percentage of this population of cells was the highest 120 from 33 C in XF204 to 34 C in XF214 and to 36.5 C in XF224 (Fig. 2, fig. S5 , Table S2 ). A histograms of CI and Cro alone showed two-state distributions (Fig. 3E) . 161 We verified that the presence of the four populations was not caused by independent 162 production of CI and Cro from two copies of the  switch due to chromosome replication, ). Furthermore, single-molecule fluorescence in-situ hybridization (smFISH , Table S3 ) 166 showed co-existence of cI and cro mRNA molecules in a significant population of cells (16.3 167  0.7%, cI and cro mRNAs at 0.9  0.03 and 0.6  0.02 molecules per cell,   s.e., n = 2627 168 cells), irrespective of cell ages ( fig. S10B and Table S4 ). This result suggested that cI and cro 169 mRNAs were produced within each other's short lifetime window (~1.5 min, (34)).
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Co-existence of cI and cro mRNAs has also been previously observed in cells growing under 171 a different growth condition (34). Finally, we verified that the stochastic maturation process 172 of the Venus fluorophore only affected the spread, but not the presence, of each population 173 in the 2D histogram ( fig. S11 ). Taken together, these results suggested that in each 5-min 174 time window, a cell could produce none, only one or the other, or both proteins.
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Using the experimentally measured 2D distributions of CI and Cro production levels, 176 we generated the corresponding potential landscape by calculating the negative logarithm 177 of probabilities (Fig. 3F, SOM) . There were clearly four basins, approximately around at [0, 178 0], [4, 0] , [0, 4] and [4,4] for produced [Cro, CI] protein molecule numbers per 5 min (Fig. 3F ).
179
Interestingly, there was one central peak separating the four basins such that the barrier To quantitatively identify possible production states of CI and Cro corresponding to the 187 observed basins in the potential landscape, and obtain the associated transition rates 188 between these states, we used a modified Hidden Markov Model (HMM), which is 189 commonly used in temporal pattern recognition (35, 36) . We found that a four-state HMM Table   196 S5 and S6). Because the dynamics of a system is fully determined and described by its (17-19, 40) . 218 The adiabatic regime of the  switch under different experimental conditions has been 219 elegantly demonstrated previously (8, 41, 42) . 220 In our  switch strain XF224, both CI and Cro are expressed at relatively low levels (fig. 221 S15). Slow dissociation times (in the range of a minutes to hours (43, 44) ) and significant 222 levels of nonspecific binding for both CI and Cro (> 70%, (39)) have been previously 223 demonstrated. The [L, L] production state could emerge and remain stable when a 224 combination of CI and Cro occupies all the operator sites, shutting down the production of 225 CI and Cro simultaneously (Fig. 4B ). When either CI or Cro dissociates, and the rebinding is 226 slow, RNA polymerase (RNAP) can bind to the exposed P R or P RM promoters, resulting in 227 the [H, L] or [L, H] production states. RNAP exists at a much higher level (~3000 molecules 228 per cell under a similar growth condition, (45)) compared to CI and Cro, and hence its 229 binding rate would be significantly faster. When both CI and Cro dissociate from all three 230 operators, which would occur at a much lower probability than only one of them 231 dissociating, RNAP can initiate transcription from either one of the two promoters, resulting 232 in the [H, H] production state (Fig. 4B) . Consistent with this possibility, we previously 233 measured the basal expression level of P RM promoter in the absence of CI and Cro to be 234 similar to the CI production level in the [H, H] state (27). In addition, in vitro studies have 235 demonstrated that both P R and P RM promoters on the same  switch can be occupied by two 236 RNAP molecules simultaneously in the absence of CI and Cro (46, 47) . 237 One important aspect of our time-lapse experiments, in contrast to an earlier experiment 238 with a similar genetic network (8), is that we measured the production, but not cellular 239 concentrations, of CI and Cro. Protein production rates directly measure promoter activities, Previous studies have shown that in the adiabatic regime, different wiring conditions of 250 bistable switches could give rise to a maximum of three stable states (13) (14) (15) . Here we 251 showed that in the non-adiabatic regime, four stable protein production states can emerge 252 from bistable switches without changing wiring configurations, with consequences in 253 establishing new cell fates (16) (17) (18) (19) 48) . A living cell, in which non-equilibrium steady-state is 254 the norm, could potentially utilize the non-adiabaticity to encode multiple cell fates even 255 with a limited circuitry, hence allowing a high degree of adaptation and differentiation. 
